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Setup details
Magnetic setup was built based on Olympus IX71 inverted microscope. A 10X objective was used to align the magnets with the optical axis of the objective (Fig.  S1 ). 100 X oil immersion objective UPlanFLN from Olympus with NA 1.3 was used to do the measurement. Piezo objective actuator F100 (Madcitylab) was used to calibrate the movement of paramagnetic bead along optical axis. 100W halogen lamp and half/half mirror were used to illuminate the sample through the objective. Prosilica EC655 camera was used to capture images from the scattered light of the bead with 10 millisecond exposure time. MP285 manipulator (Sutter Instrument) was used to control the movement of permanent magnets. Software was written by LabVIEW to capture and analyze images, as well as control piezo actuator and MP285 manipulator in real-time.
When objective moves following the piezo actuator, the thickness of immersion oil changes by distance d 1 , the focal plane in water changes by distance d 2 which is given by formula: 2
, where water n =1.300 is the refraction index of water, and oil n =1.515 is the refraction index of immersion oil. Figure S2 shows the measured fluctuation of bead in the focal plane along x-and ydirections (see Fig. 1 in the main text). The y-position of the bead has a stable average value if the magnets are well aligned. On the other hand, x-location of the bead will jump when magnets moves vertically along the force direction. This is due to the rotation of beads when magnetic field and force change. In the x-z plane, the orientation of bead is determined by the torque balance of orientation-dependent magnetization of bead and the torque applied by the tension of the tether (F*x in Figure S3 ). 
Bead fluctuation in x-y plane

Worm-like chain model of extended peptide chain
Under large force, the extension of worm-like chain:
, where L is contour length, A is persistence length, f is stretching force. With measured unfolding step size z, unfolding force f, and known persistence length of polypeptide ~0.4 nm, the contour length of each unfolded protein domain can be calculated.
Preparation of 586 bp DNA (5'-Bio, 3'-Dig):
Using DreamTaq DNA polymerase (Fermentas), the DNA construct was generated by Polymerase Chain Reaction (PCR) from bacteriophage λ-DNA (New England Biolabs). Two primers were used in this PCR: 1. 5'[Biotin]ATATTGCAGAATTCCTCAACTGTGAGGAGGCTC; 2. 5'ATTATATTCTCGAGAACGATGCTGATTGCCGTTC. Restriction enzyme Xho I (New England Biolabs) was used to digest the DNA construct and obtain a 5'-overhang "TCGA" on one end. This DNA was then incubated with digoxigenin-11-dUTP (Roche), dATP, dGTP, dCTP (Fermentas), and Vent (exo-) DNA polymerase (New England Biolabs) to get the 586-bp DNA construct with a biotin and a digoxigenin on the end of the same strand. The cDNA encoding IgFLNa1-8 was amplified by PCR from cDNA of human FLNa with 5' primer having a SpeI site GACTAGTCTGAACCCGAAGAAAGCC and 3' primer having a XbaI site GCTCTAGAGGGGGCCACAGCTTCCAG, and inserted into pFASTBAC-HTb-AviTag digested with XbaI and alkaline phosphatase to generate pFASTBAC-HTb-IgFLNa1-8-AviTag.
Protein Expression and Purification
Fusion proteins were expressed in Sf9 cells (5 x 10 8 cells) using Bac-to-Bac system (Invitrogen) in accordance with manufactures' instructions and the expressing cells were harvested 72 h post-infection. After washing with PBS, the cells were lysed in 40 ml of 20 mM sodium phosphate, pH 8.0, 1% Triton X-100, 300 mM NaCl, 20 mM imidazole,1 mM β-mercaptoethanol, 2 mM PMSF, 10 µg/ml aprotinin, and 10 µg/ml leupeptin at 4°C. The extracts were centrifuged at 20,000 x g for 30 min at 4°C and loaded onto a Ni-NTA column (3 ml, Qiagen). The column was washed with washing solution (20 mM sodium phosphate, pH 8.0, 20 mM imidazole, 1 mM β-mercaptoethanol, 300 mM NaCl, 0.1% Triton X-100) and bound recombinant proteins were eluted with 20 mM sodium phosphate, pH 8.0, 300 mM imidazole, 1 mM β-mercaptoethanol. Purified proteins were concentrated using an Amicon Ultra-15 (Millipore) with a molecular weight retention of >5,000 daltons and gel-filtered on Superdex 200 (10/300, GE healthcare) column equilibrated with 50 mM BicineNaOH, pH8.3 and 0.1mM β-mercaptoethanol. Protein purity was evaluated on 10 % SDS-PAGE gels stained with Coomassie blue and immunoblotting using mouse monoclonal anti-polyHistidine−peroxidase antibody (Sigma A7058). Recombinant proteins were stored at -80°C.
Biotinylation
The purified FLNa constructs (100µl of 20 µM) were incubated with 0.2µM BirA (Avidity, CO) in 50mM Bicine-NaOH pH8.3, 10mM ATP, 10mM magnesium acetate. 50 µM d-biotin, 0.1 mM β-mercaptoethanol, 0.1 mM PMSF, 0.1 µg/ml aprotinin, and 0.1 µg/ml leupeptin, at 25°C for 14 hr. Biotinylation was confirmed by immunoblotting using Streptavidin-peroxidase (Molecular Probes D-22187, Invitrogen).
FLNa 1-8 tether in flow channel
Coverslips were cleaned and functionalized following similar protocol in (2). After cleaning, 3-aminopropyltriethoxysilane, glutaraldehyde, and N α ,N α -Bis(carboxymethyl)-L-lysine hydrate (14580, sigma), and nickel sulfate was coated on the surface of coverslip. Finally, around 1 nM IgFLNa 1-8 protein in buffer with 20 mM Tris pH 8, 300 mM NaCl, 2 mM MgCl 2 , and 1 mM β-mercaptoethanol was incubated in channel for 20 minutes. Then 1% BSA solution was used to wash the channel and block the surface overnight. Paramagnetic bead dynal M-280 was flowed into the channel to link with IgFLNa 1-8.
